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ABSTRACT
We show that substantially enhanced mass loss at periastron passages, as is expected in
the grazing envelope evolution (GEE), can compensate for the circularization effect of
the tidal interaction in binary systems composed of an asymptotic giant branch (AGB)
star and a main sequence secondary star. By numerically integrating the equations of
motion we show that under our assumptions the binary system can maintain its high
eccentricity as the AGB star evolves toward the post-AGB phase. Our results can
explain the high eccentricity of some post-AGB intermediate binaries (post-AGBIBs),
i.e., those with an orbital periods in the range of several months to few years. In the
framework of the GEE, the extra energy to sustain a high mass loss rate comes from
the accretion of mass from the giant envelope or its slow wind onto a more compact
secondary star. The secondary star energizes the outflow from the AGB outer envelope
by launching jets from the accretion disk.
Key words: stars: AGB and post-AGB — (stars:) binaries: close — stars: jets —
stars: kinematics and dynamics — stars: mass-loss — accretion, accretion disks
1 INTRODUCTION
There is a group of post-asymptotic giant branch (AGB) bi-
nary systems with properties that are in dissension with
traditional calculations of binary stellar evolution. They
have typical orbital periods in the range of about one hun-
dred days to several years, and the eccentricity is rela-
tively large, from circular orbits and up to e ≃ 0.6 (e.g.,
Gorlova et al. 2014; Van Winckel et al. 2014; Manick et al.
2017; Kluska et al. 2018).
The first puzzle is their orbital separation. Binary stel-
lar evolutionary studies that include only mass loss, mass
transfer, tidal interaction, and common envelope evolution
(CEE), usually lead to either a larger final orbital separation
due to mass loss, af ≫ 1 au, or to a much smaller orbital
separation as a result of CEE, af ≪ 1 au. According to these
traditional studies there should be a gap around af ≈ 1 au in
the distribution of orbital separations of post-AGB binaries
(e.g., Nie et al. 2012).
The existence of the above post-AGB intermediate bi-
naries (post-AGBIBs) in the traditional orbital separation
gap raises the possibility that another process plays a signifi-
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cant role in the evolution of post-AGBIBs. One such process
to explain post-AGBIBs is the grazing envelope evolution
(GEE; Soker 2017). According to the GEE, the more com-
pact secondary star grazes the envelope of the giant star
and accretes mass from its outer envelope or from its wind
acceleration zone. Because of the orbital motion the gas is
accreted with large enough specific angular momentum to
form an accretion disk around the secondary star, and the
accretion disk launches jets. The system enters a GEE phase
when the jets can efficiently remove the outer layers of the
envelope of the primary giant star and by that prevent or de-
lay the onset of a common envelope phase (Sabach & Soker
2015; Soker 2015, 2016a; Shiber et al. 2017; Shiber & Soker
2018; Abu-Backer et al. 2018; Lo´pez-Ca´mara et al. 2018). It
is this rapid mass removal that leaves the orbital separation
of post-AGBIBs to be about the maximum radius the pri-
mary star has attained on the AGB.
The envelope mass removal process operates in a neg-
ative feedback cycle (Soker 2016b). If the jets remove too
much gas from their vicinity the accretion rate decreases
and so does the power of the jets (e.g., simulations con-
ducted by Moreno Me´ndez et al. 2017). The removal of gas
acts to increase the orbital separation, and this in turn can
reduce accretion rate onto the secondary star, unless tidal
forces overtake and cause the formation of a common enve-
c© 2018 The Authors
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lope phase. Further evolution of tidal forces and giant ex-
pansion can resume the cycle.
The GEE scenario which helps explain these post-
AGBIBs is also supported by observations that indicate that
the secondary star in several post-AGBIBs launches jets
(e.g., Witt et al. 2009; Thomas et al. 2013; Gorlova et al.
2012, 2015; Bollen et al. 2017), and it is quite likely that
most post-AGBIBs launch, or have been launching jets
(van Winckel 2017). Some post-red giant branch (RGB) in-
termediate binaries (post-RGBIBs) that have similar prop-
erties to post-AGBIBs (e.g., Kamath et al. 2016) might also
experience the GEE.
The secondary star need not be at the surface of the
giant star, as it can also accrete mass from the acceleration
zone of the wind. Both Roche lobe overflow (RLOF) and
an accretion from an ambient gas (Bondi Hoyle Lyttleton
type of accretion) contribute to the mass transfer process.
Harpaz et al. (1997) discuss how when a close secondary star
approaches periastron the extended envelope of the AGB
star overflows its Roche lobe and flows toward the secondary
star. The extended envelope that Harpaz et al. (1997) refer
to is the zone of the slowly moving outflow of matter (wind)
before it reaches the escape velocity from the AGB star.
Podsiadlowski & Mohamed (2007) later termed this process
a wind-RLOF and simulated it (Mohamed & Podsiadlowski
2007). According to the GEE, when the density in the ac-
celeration zone of the wind is sufficiently high such that the
accretion rate is high enough, jets are launched by the sec-
ondary star and remove mass from the acceleration zone of
the wind.
The second puzzle is the high eccentricity of post-
AGBIBs (e.g., Manick et al. 2017). Simple estimates indi-
cate that at the orbital separation of post-AGBIBs tidal
forces should have circularized the orbit during the AGB
phase of the primary star. Several mechanisms can act
against the tidal forces and increase the eccentricity of
post-AGBIBs. One such mechanism is a kick to the white
dwarf (WD) as it is born (Izzard et al. 2010). The ques-
tion here is what mechanism will give the required spin to
the WD. Another mechanism is the interaction of the bi-
nary system with a circumbinary disk (e.g., Waelkens et al.
1996; Dermine et al. 2013). Indeed Observations show cir-
cumbinary disk in many post-AGBIBs (e.g., Waters et al.
1993; Bujarrabal et al. 2005, 2007, 2017), and it is likely
that all post-AGBIBs have or had such a circumbinary
disk (e.g., Bujarrabal et al. 2013, 2018). The calculations of
Dermine et al. (2013) are of resonant interaction of the bi-
nary system with its circumbinary disk that takes place only
in the post-AGB phase. They do not consider the evolution
during the AGB phase. Hence, they do not refer to the puz-
zle of the orbital separation, but do manage to account for
most observed eccentricities of post-AGBIBs. The eccentrici-
ties they obtain are higher than what Soker (2000) estimated
for the resonant interaction because they used a more favor-
able parameters for the circumbinary disk, i.e., higher disk
mass and smaller inner disk radius. Rafikov (2016) found
that the mechanism of circumbinary interaction is unlikely
to work as it requires a very massive disk and a too long
disk life time.
The mechanism to enhance eccentricity that is
relevant to our study involves mass loss and mass
transfer, in particular mass loss near periastron pas-
sages (e.g., Van Winckel et al. 1995; Soker 2000;
Bonacˇic´ Marinovic´ et al. 2008; Davis et al. 2015).
Dosopoulou & Kalogera 2016a and Dosopoulou & Kalogera
(2016b) conduct a general study of the role of mass transfer
and mass loss on the eccentricity. They were not aiming
specifically on post-AGBIBs. Vos et al. (2015) include in
one model tidally-enhanced wind mass-loss, and in another
model they include both phase-dependent RLOF and ec-
centricity pumping by the interaction of the binary system
with the circumbinary disk. The results of Vos et al. (2015)
do not reproduce the observed trend of higher eccentricities
at higher orbital periods. The above papers, as well as
others (e.g., Siess et al. 2014), attributed the enhanced
mass loss rate during periastron passages to gravitational
effects of orbital motion. We here attribute the extra mass
loss rate mainly to jets that are launched by the secondary
star as it grazes the surface or the wind-acceleration zone
of the primary giant star. The advantage of the GEE is
that the accretion of mass on to the secondary star releases
more energy to remove the envelope.
Nie et al. (2017) come up with a completely different
suggestion. They study binary systems where the primary
is a red giant branch star (RGB) rather than a post-red gi-
ant star. These systems also observe higher eccentricity than
predicted by tidal circularization. The solution Nie et al.
(2017) propose in order to keep the orbits eccentric, is to
reduce the rate of tidal circularization by a factor of ≈ 100.
The reason Nie et al. (2017) do not consider enhanced mass
loss rate is that their claim that such mechanisms lead to
a substantial amount of circumbinary dust that is not ob-
served for their red giant binaries. We do not have this con-
straint as we consider post-AGBIBs and post-RGBIBs, and
the giant primary stars in these systems have already lost
most of their envelope mass. Indeed, circumbinary material
is observed around most of these systems.
In the present study we assume that during the AGB (or
RGB) phase of the primary star the secondary star grazes its
surface or the base of the acceleration zone of its wind. We
assume that jets launched by the accretion disk around the
secondary star remove mass from the primary star and/or
from the acceleration zone of its wind at a high rate. We con-
sider the usual theoretical value of the tidal interaction and
do not reduce it. We focus on the eccentricity of the system
and do not consider other processes, such as the formation
of a circumbinary disk (for recent detail study of circular
orbits of AGB binaries see, e.g., Chen et al. 2017, 2018).
In section 2 we present the processes that modify the
orbital parameters as the AGB evolves. In sections 3 and 4
we present the results of an evolutionary model which takes
into account these processes. We summarize in section 5.
2 THE ORBITAL EVOLUTION
We shall define M1 and M2 as the masses of the giant and
the secondary star, respectively, and the mass of the sys-
tem as M =M1 +M2. We also define the reduced mass
µ =M1M2/(M1 +M2). We will adequately follow Eggleton
(2006) in taking Newton’s equation and introducing per-
turbing forces that modify the orbit and the orbital param-
eters. Doing so, the orbital separation r varies according to
MNRAS 000, 1–6 (2018)
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r¨(t) = −
GM(t)r(t)
r3(t)
+ fQD + fTF + fM, (1)
where G is the gravitational constant and the other terms
have the following meanings.
The perturbing force (acceleration) due to tidal friction,
under the assumption that the perturbing star is a point
mass, is
fTF = −
9σM22A
2
2µr10
[
3r(r · r˙) + (r× r˙−Ωr2)× r
]
. (2)
In the above equation Ω is the angular velocity of the giant,
and
A = 2kAMR
5
1 (3)
is a constant related to the structure of the giant, where kAM
is the apsidal motion constant. We will express the apsidal
motion differently, using the internal structure constant Q
which satisfies
kAM = Q/[2(1−Q)]. (4)
We also define a dissipation coefficient which is also related
to the structure of the star
σ =
2
M1R21Q
2tvisc
, (5)
where tvisc is the viscosity time. We also consider here the
effect on the orbit of the quadrupole distortion (or equilib-
rium tide) of the giant due to its rotation and to the presence
of a secondary star
fQD = −
AM2
µ
[
Ω2r
2r5
+
3GM2r
r8
]
. (6)
We note that in the above equation we omitted terms with
Ω · r as we assume that the rotation axis of the giant is per-
pendicular to the orbital plane. The perturbing force (accel-
eration) due to mass loss and mass transfer from the giant
to the secondary star is
fM = m˙t
(
1
M1(t)
−
1
M2(t)
)
r˙(t). (7)
The rates of change of the stellar masses are
M˙1 = −m˙l1− m˙t ; M˙2 = −m˙l2+ m˙t ; M˙ = M˙1+ M˙2, (8)
where m˙l1 and m˙l2 are the mass loss rates to infinity from
the primary and the secondary, respectively, and m˙t is the
rate of mass transferred from the primary to the secondary.
We shall use the integral of the mass loss rates over time
Mej =
∫ t
0
m˙l1 dt ; Macc =
∫ t
0
m˙t dt. (9)
We then perform integration over time of equation 1 to
calculate r(t) . The equation cannot be solved analytically
and is therefore solved numerically. The eccentricity e(t) ≡
|e(t)| is calculated according to
GM(t)e(t) = r˙× (r× r˙)−
GMr
r
. (10)
The Keplerian energy per unit reduced mass ε(t) is calcu-
lated according to
ε(t) =
1
2
r˙2 −
GM
r
, (11)
and then it is possible to calculate the semi-major axis
a(t) = −
GM(t)
2ε(t)
, (12)
and the orbital period
P (t) = 2pi
√
a3(t)
GM(t)
. (13)
The parameter which is hard to determine is the viscos-
ity time. It is sensitive to the structure of the giant. In order
to calibrate this parameter for HD 44179 we take the cir-
cularization time-scale, given by Verbunt & Phinney (1995)
1
τc
≡ −
d ln e
dt
= 1.7f
(
Teff
4500 K
)4/3 (
Menv
M⊙
)2/3
×
M⊙
M
M2
M
M +M2
M
(
R1
a
)8
yr−1
(14)
where Menv is the mass of the giant’s envelope and Teff is
its effective temperature.
3 TIDAL-DOMINATED EVOLUTION
Motivated by the post-AGB binary system of the red rectan-
gle, HD 44179 (Cohen et al. 1975, 2004; van Winckel 2004;
Thomas et al. 2013, we start at the earlier AGB phase, and
use a stellar evolution code to obtain an evolved AGBmodel.
In order to obtain the structure of the star which is
important for determining the structure constants A (eq. 3)
andQ (eq. 4) that are required for the tidal force calculations
(eq. 2, 5 and 6), we use the version 10000 of the MESA stellar
evolution code (Paxton et al. 2011, 2013, 2015, 2018) to de-
velop a star with a zero age main sequence (ZAMS) mass of
MZAMS = 1.3 M⊙, to the post-AGB stage and use its prop-
erties at that time. We obtain an evolved AGB star with
mass M1 = 0.6 M⊙, radius of R1 = 139 R⊙, luminosity of
L1 = 2230 L⊙ and effective temperature of Teff ≃ 3370 K.
The envelope mass is Menv ≃ 0.57 M⊙ ≃ 0.95M1 and its
density profile is sharply decreasing towards the center.
We use the MESA results in setting a model for the dy-
namical calculation described in section 2. We start the sim-
ulation when the star is still on the AGB, with the parame-
ters listed above, butM1 = 1M⊙We take the resulting MESA
stellar density profile and approximate it using a polytrope.
We find that it is best approximated by a polytropic den-
sity profile with polytropic index n = 4. The high polytropic
index essentially means that the star has a steeper density
profile at the core and shallower density profile at envelope,
which is the case for the evolved star we discuss. We use the
approximated polytrope rather than the real density profile,
as it is more simple to calculate the structural constants of
the star Q (and consequently A) for a polytrope than for
a tabulated stellar model. For a polytrope we can use the
approximation (Eggleton 2006)
Q ≈
3
5
(
1−
n
5
)2.215
e0.0245n−0.096n
2
−0.0084n3 . (15)
We take the stellar rotation to be Ω/Ωcrit = 0.9,
where Ωcrit is the critical angular velocity of the star.
The secondary star is treated as a point mass and we
shall adopt M2 = 0.35 M⊙. The initial binary separation is
MNRAS 000, 1–6 (2018)
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Figure 1. Results of 1 000 years of evolution of the AGB star
on its evolution path to a post-AGB star, interacting with a sec-
ondary star through tidal force only. The orbital evolution as a
result of tidal effects alone with no mass loss and mass transfer.
Upper panel: Mass of the AGB star and the ratio between the ra-
dius of the AGB star and the periastron distance. Middle panel:
semi-major axis and periastron distance. Lower panel: orbital ec-
centricity. The eccentricity substantially decreases.
P = 322 days which gives a semi-major axis of a ≃ 1.0 au.
The initial orbital eccentricity is taken as e = 0.34.
Fig. 1 shows the orbital evolution as a result of tidal
effects alone with no mass loss and mass transfer. It can be
seen that the eccentricity decreases substantially. It can be
seen that over 1000 years the eccentricity decreased from
e = 0.34 to e ≃ 0.13, and after another 2000 years (out of
the range shown in Fig. 1) it decreased to e ≃ 0.02. Namely,
tidal forces alone circularize the orbit in a relatively short
time.
4 PERIASTRON-ENHANCED MASS LOSS
Next, we add mass loss and mass transfer to the calculation.
We assume that the secondary star accretes a small fraction
of the mass the primary looses through an accretion disk and
launches jets. We further assume that the jets remove large
amounts of gas from the envelope of the AGB star and/or
from the acceleration zone of its wind (Shiber et al. 2017;
Shiber & Soker 2018; Lo´pez-Ca´mara et al. 2018). Namely,
we consider a grazing envelope evolution in an eccentric or-
bit. We take the mass loss rate of the primary star to be
m˙l1,0 = 3× 10
−4 M⊙ yr
−1. As we show below, this value,
which may be typical or somewhat higher than typical post-
AGB mass loss rates (as a result of the interaction with the
secondary), is enough to counteract the reduction in eccen-
tricity.
We assume that the mass loss rate of the giant star is
enhanced by the jets according to a simple formula (moti-
vated in part by the enhanced mass loss rate prescription
of Tout & Eggleton 1988), that depends only on the orbital
separation
m˙l1(r) = m˙l1,0
( r
a
)6
. (16)
We neglect the variation in Q and A as a result of the mass
loss of the AGB star. Typically a few percents of the mass
lost from the primary will be accreted by the secondary. We
take the accretion rate to be 5 per cent of the mass loss rate
from the giant
m˙t(r) = 0.05m˙l1(r). (17)
During the 1000 years that we simulate, the giant star loses
Mej ≃ 0.36 M⊙, bringing the giant star mass to be close to
that of HD 44179 (the central star of the Red Rectangle).
During the same evolutionary time the secondary star ac-
cretes a total mass of Macc ≃ 0.018 M⊙. A low mass main
sequence secondary star, in the mass range of ≈ 0.3–0.7 M⊙
has a large outer convective envelope and we do not expect
it to expand much while accreting a mass of ≈ 0.02 M⊙. If
about 10 percent of the accreted mass is launched at the es-
cape velocity of about 600 km s−1, it has has enough energy
to unbind the mass that we remove.
Fig. 2 shows the evolution of the post-AGB star and the
orbital parameters over a duration of 1 000 years. We find
that during these 1 000 years of evolution the eccentricity
did not change by much, and decreased from its initial value
of e = 0.34 to e ≃ 0.327.
We note that though the lines in the Fig. 1 and 2 seem
to be monotonic, there are variations, including during each
orbit, which result from the varying influences of the differ-
ent effects we considered here, i.e., tidal interaction, mass
loss, and mass transfer. The smooth line is obtained from
a secular effect over many periods, each changing the or-
bital separation and eccentricity slightly. We demonstrate
the variation within orbits in the inset in the lower panel of
Fig. 2.
The main conclusion of our parametric study is that
it is possible with a reasonable set of parameters to main-
tain a highly eccentric orbit when we consider an enhanced
mass loss rate due to strong binary interaction at peri-
astron passages. In particular, we attribute the enhanced
mass loss rate to jets launched by the secondary star,
namely, to the GEE (Shiber et al. 2017; Shiber & Soker
2018; Lo´pez-Ca´mara et al. 2018).
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Figure 2. Same as Fig. 1, but here the AGB star interacts
with a secondary star through tidal forces and has an enhanced
mass loss rate according to equation (16), 5 per cent of which
is transferred to the secondary star. We see that the value of the
eccentricity stays close to its original value. The inset on the lower
panel shows the variation of the eccentricity during the first 20
years. The orbital variation makes it appear as a very thick line.
Note that the scales of vertical axes are different than those of
Fig. 1.
5 SUMMARY AND DISCUSSION
We conducted numerical calculations to show that substan-
tially enhanced mass loss at periastron passages can coun-
teract the circularization effect of the tidal interaction. Con-
sequently, the binary system can maintain its initial high
eccentricity. Such a very high mass loss rate at periastron
passages requires an extra energy source to that of the or-
bital energy. The extra energy can come from the accretion
of mass from the giant envelope or its slow wind close to
its surface onto a more compact secondary star. The sec-
ondary star energizes the outflow by launching jets from the
accretion disk. This process of mass removal by jets as the
secondary star grazes the giant envelope is termed the GEE
(for grazing envelope evolution).
To reveal the role of the GEE in maintaining the high
eccentricity we compared a numerical calculation with tidal
interaction only (Fig. 1) to a numerical calculation that in-
cludes enhanced mass loss rate at periastron passages as well
as mass transfer from the AGB star to the secondary star
(Fig. 2). We found that when we included only tidal interac-
tion the binary system underwent rapid circularization, i.e.,
the eccentricity rapidly decreased (lower panel of Fig. 1). On
the other hand, when we included the expected effects of the
GEE we found that the system maintained its eccentricity.
The high average mass loss rate of
〈m˙l1〉 = 3.6× 10
−4 M⊙ yr
−1 that we had over the 1 000
years of our calculation is driven mainly by the jets that
the secondary star launches as it accretes mass through
an accretion disk. This serves as the extra energy source
that is required to eject part of the envelope at periastron
passages and by that to maintain the high eccentricity. The
removal of the envelope by the jets operates via a feedback
cycle that includes a positive part and a negative one. In
the positive part of the feedback cycle the jets themselves
remove mass and energy from the vicinity of the secondary
star, and by that reduce the pressure there and allow a high
accretion rate (e.g., Shiber et al. 2016; Chamandy et al.
2018). In the negative part of the feedback cycle the jets
remove mass from the ambient medium, the envelope or
the wind, which serve as the reservoir of accreted gas. This
in turn reduces the accretion rate and hence the jets’ power
(e.g., Soker et al. 2013; Lo´pez-Ca´mara et al. 2018). This
ensures that the jets do not remove too much envelope,
more than exists there.
Our proposed model can also explain other systems in
which the eccentricity is larger than expected. Using Kepler
observations, Kawahara et al. (2018) have recently discov-
ered a number of binary systems with ≃ 0.6 M⊙ WDs and
a stellar companion with moderate eccentricities of ≃ 0.06–
0.2, and typical orbital separation of ≃ 1.4–2 au. According
to traditional evolutionary calculations the tidal interaction
in such evolved binary systems should have acted to circular-
ize the orbits. One of the ideas that Kawahara et al. (2018)
suggest to overcome this difficulty is a scenario with insuffi-
cient time for the tidal interaction to reduce the eccentricity
to very low values. The model we studied here, that is based
on periastron enhanced mass loss rate in a GEE, does not
require a limited interaction time, and can account for the
eccentric orbits in those systems.
The scenario we studied here can undoubtedly work to
maintain eccentric orbits. The establishment of the GEE
mechanism to maintain high eccentricity requires more cal-
culations. First are studies of a much larger parameter space
that will be based on hydrodynamical simulations of the
GEE in eccentric orbits. A second type of calculations is a
comprehensive binary-population synthesis to determine the
likelihood of our suggested scenario as the dominant one in
different kinds of AGB and post-AGB binary systems, in
particular post-AGBIBs.
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